The Hippo signaling pathway regulates organ size and tissue homeostasis from Drosophila to mammals. At the core of the Hippo pathway is a kinase cascade extending from the Hippo (Hpo) tumor suppressor to the Yorkie (Yki) oncoprotein. The Hippo kinase cascade, in turn, is regulated by apical membrane-associated proteins such as the FERM domain proteins Merlin and Expanded (Ex), and the WW-and C2-domain protein Kibra. How these apical proteins are themselves regulated remains poorly understood. Here, we identify the transmembrane protein Crumbs (Crb), a determinant of epithelial apical-basal polarity in Drosophila embryos, as an upstream component of the Hippo pathway in imaginal disk growth control. Loss of Crb leads to tissue overgrowth and target gene expression characteristic of defective Hippo signaling. Crb directly binds to Ex through its juxtamembrane FERM-binding motif (FBM). Loss of Crb or mutation of its FBM leads to mislocalization of Ex to basolateral domain of imaginal disk epithelial cells. These results shed light on the mechanism of Ex regulation and provide a molecular link between apical-basal polarity and tissue growth. Furthermore, our studies implicate Crb as a putative cell surface receptor for Hippo signaling by uncovering a transmembrane protein that directly binds to an apical component of the Hippo pathway.
apical-basal polarity | development | Drosophila | organ size | signal transduction T he Hippo signaling pathway, first discovered in Drosophila, has recently emerged as an evolutionarily conserved mechanism that regulates organ size in diverse species, including mammals (1, 2) . In Drosophila, four tumor suppressor proteins including Hippo (Hpo), Salvador (Sav), Warts (Wts) and Mats form a kinase cascade that ultimately phosphorylates and inactivates the oncoprotein Yki (3) . Although the molecular organization of this core kinase cascade is well established, signaling events upstream of Hpo remains less understood. Studies in Drosophila have implicated several tumor suppressor proteins as upstream regulators of the Hippo kinase cascade. Several apical membrane-associated cytoplasmic proteins, including the FERM-domain proteins Expanded (Ex) and Merlin (Mer) (4) , and the WW-and C2-domain protein Kibra (5-7), have been suggested to function together in a protein complex that regulates Hippo signaling, at least in part, by recruiting the Hpo-Sav kinase complex to cell membrane (5) . The atypical cadherin Fat (Ft) has been proposed as a cell surface receptor that regulates Hippo signaling by controlling the membrane localization and/or stability of Ex (8) (9) (10) . However, no physical interactions have been reported between Ft and Ex, and this model was challenged with an alternative model wherein Ft and Ex function in parallel to regulate Wts stability and activity, respectively (11, 12) . Overall, our understanding of these upstream pathway components remains incomplete, and additional cell surface proteins may exist that physically link the apical components such as Ex to the cell membrane.
Crumbs (Crb) is an apical transmembrane protein that is required for organizing apical-basal polarity and adherens junctions (AJs) in gastrulating Drosophila embryos (13) . It contains 28 EGF-like and four laminin AG-like repeats in its extracellular domain and a short intracellular domain including a juxtamembrane FERM-binding motif (FBM) and a C-terminal PDZbinding motif (PBM). Through its PBM, Crb forms a complex with the PDZ domain proteins Stardust (Sdt) and Patj (14) (15) (16) . In regulating apical-basal polarity in Drosophila embryos, the Crb-Sdt-Patj complex functions together with another apical protein complex containing Bazooka (Baz), Par-6, and aPKC, and these apical complexes are antagonized by a basolateral protein complex containing Scribble (Scrib), Discs large (Dlg), and Lethal giant larvae (Lgl) (17, 18) . Strikingly, the intracellular domain of Crb is required and sufficient for Crb's function in apical-basal polarity in Drosophila embryos (19) . In contrast to its essential role in establishing apical-basal polarity in Drosophila embryos, Crb is not essential for apical-basal polarity or AJ integrity in third instar larval imaginal discs (20, 21) . Rather, Crb is required for rhabdomere elongation and stalk membrane formation during photoreceptor morphogenesis (20, 21) .
Here, we report the identification of Crb as a tumor suppressor and an upstream component of the Hippo signaling pathway. We further show that Crb directly binds to Ex through Crb's FBM and is required for apical localization of Ex in imaginal epithelium. Our studies uncover a transmembrane protein that directly binds to an apical component of the Hippo pathway and implicate Crb as a potential cell surface receptor for Hippo signaling.
Results
Identification of crb as a Tumor Suppressor Gene. In a screen for growth regulators using the eyeless-FLP/recessive cell lethal technique (22) , we identified two lethal mutations (82-04 and 82-16) defining a single complementation group on chromosome 3R that caused mild overgrowth of adult eyes and increased representation of mutant tissues ( Fig. 1 A and B) . To further compare the growth property of the mutant versus wild-type cells, we generated mosaic eyes using eyeless-FLP without the recessive cell lethal. Such mosaic eyes also showed increased representation of mutant tissues ( Fig. 1 C and D) . Adult wings comprised predominantly of mutant cells were also larger than normal wings ( Fig. 1 E and F) . Consistent with the overgrowth of adult tissues, mutant clones in larval eye and wing imaginal discs were larger than their twin spots (no cell lethal used) ( Fig. 1 G  and H Trp to STOP in 82-16 (Fig. 1I) . As 82-16 truncates Crb close to its N terminus, and both alleles displayed similar overgrowth phenotypes, we consider both as null alleles.
Loss of crb Produces Signaling Defects Similar to Mutants of Upstream Regulators of the Hippo Pathway. The overgrowth phenotype observed in crb mosaic eyes resemble that of defective Hippo signaling. To explore the relationship between Crb and Hippo signaling, we examined diap1 and ex, two well characterized Hippo target genes, in eye discs. crb clones showed a modest increase in diap1 transcription and Diap1 protein levels (Fig. 2 A-B″). crb clones also showed a significant increase in Ex protein levels ( Fig. 2 C-C″) , although we could not detect a visible increase in ex transcription (Fig. 3 A-A″) . Such modest effects on target genes resemble upstream components of Hippo signaling but are weaker than the core components of the Hippo kinase cascade.
Another characteristic of defective Hippo signaling is alteration of interommatidial cell numbers in pupal retina. Inactivation of core components of the Hippo kinase cascade (such as hpo and sav) results in a massive increase in interommatidial cells [>40 extra cells per cluster, (ECPC)], whereas mutants of upstream regulators of the Hippo pathway show a much milder phenotype, with loss of ex, mer, and kibra resulting in 1.4, 8.4, and 5.8 ECPC, respectively (5) . crb mutant pupal retina showed an average of 1.2 ECPC (Fig. 4 A-A″), which resembles ex but is milder than mer or kibra. To examine the relationship between crb and the known upstream regulators, we examined kibra crb, ex;crb and mer;crb double mutant clones. Although crb, mer, and kibra mutant eyes had an average of 1.2, 8.4, and 5.8 ECPC, respectively, mer;crb, and kibra crb eyes had 14.1 and 21.4 ECPC, respectively (Fig. 4) . In contrast, ex;crb mutant eyes had 1.5 ECPC, which resembled crb or ex single mutants (Fig. 4 ). These observations strongly suggest that Crb might act through Ex to regulate Hippo signaling.
Crb Directly Binds to Ex Through Its FBM. To substantiate a molecular link between Crb and Hippo signaling, we examined the effect of Crb on Wts T1077 phosphorylation (5) . Because a truncated Crb construct encoding the membrane-bound cytoplasmic domain of Crb is sufficient for Crb's function in Drosophila embryos (19), we examined the activity of an analogous construct (Crb Myc-Intra ) in S2R+ cells. Interestingly, although Crb Myc-Intra alone did not activate Wts phosphorylation, it enhanced Ex-mediated activation of Wts phosphorylation ( phorylation accompanied by a decrease of Ex protein levels ( Fig. 5 A and B) . Interestingly, mutation of the FBM (by mutating Y 10 P 12 E 16 of the FBM to alanines), but not the PBM (by deleting the C-terminal residues ERLI), abrogated Crb-induced Ex phosphorylation (Fig. 5C ). Given the presence of FERM domain in Ex, we hypothesized that in our S2R+ cell assay, Crb may recruit Ex to membrane via its FBM. Upon reaching the cell membrane, Ex may be phosphorylated by unknown kinase(s). Consistent with this hypothesis, targeting Ex to cell membrane by attaching a myristylation signal to it N terminus also induced Ex phosphorylation (Fig. 5D) .
To investigate physical interactions between Crb and Ex, we used subcellular fractionation to examine the effect of Crb Myc-Intra on the relative distribution of Ex between cytosolic and membrane fractions. When expressed alone in S2R+ cells, Ex was equally distributed in membrane and cytosolic fractions (Fig. 5E ). Strikingly, coexpression with Crb Myc-Intra resulted in a near complete relocation of Ex to membrane fraction (Fig. 5E ). This interaction is specific, because Crb
Myc-Intra did not affect the relative distribution of FERM-domain proteins Mer and Moesin (Moe) (Fig. S1 A and B) . Of note, a similar construct expressing the membrane-bound intracellular domain of Ft (Ft ΔECD ) (9) failed to recruit Ex to membrane fraction in our assay (Fig. S2) . To further explore the specificity of Crb-Ex interaction, we conducted similar assays using Crb Myc-Intra with mutations in its FBM or PBM. Consistent with a critical role for Crb's FBM in Ex binding, mutation of the FBM, but not the PBM, abrogated Ex membrane recruitment (Fig. 5E ). In contrast, Sdt, which is known to bind Crb through its PBM (14, 15) , was recruited to the membrane by Crb
Myc-Intra in a PBM-dependent, but FBMindependent manner (Fig. 5F ). Further supporting a role for Crb's FBM in Ex binding, we mapped the Crb-interacting region in Ex to Ex's N-terminal half, which contains the FERM domain (Fig. 5G) .
To examine direct binding between Ex and Crb, we conducted GST pull-down assays between GST-Crb-intra (with and without mutation of FBM or PBM) and cell lysates expressing epitopetagged Ex (Fig. 5H) or bacterially purified Ex proteins (Fig. 5I) . In both assays, GST-Crb Intra interacted with Ex in a FBMdependent, but PBM-independent, manner ( Fig. 5 H and I) . In contrast, GST-Crb Intra did not interact with Mer ( Fig. S1 C and  D) . Taken together, we suggest that the intracellular domain of Crb may be separated into two functional motifs, with the FBM and the PBM mediating Ex-and Sdt-binding, respectively.
Crb Is Required for Apical Membrane Localization of Ex in Epithelial
Cells. Given the apical localization of Crb (13) and Ex (23) and the Crb-Ex binding aforementioned, we examined whether Crb is required for the apical localization of Ex in imaginal discs. Indeed, in crb mutant clones, Ex staining was no longer restricted to apical surface; instead, Ex staining extended more basolat-
kibra ex-lacZ erally (Fig. 6 A-B" ). Of note, loss of crb did not affect the apical localization of the related FERM protein Mer (Fig. S3) . Because increased Ex levels per se do not perturb the apical restriction of Ex (4, 12), we conclude that the mislocalization of Ex in crb mutant clones reflects a specific requirement for Crb in localizing Ex to apical membranes of epithelial cells.
Recently, we used genomic engineering to introduce mutation of the FBM or the PBM into the endogenous crb locus (24) . These crb alleles (crb Y10AP12AE16A and crb delERLI ) carry mutations identical to the FBM and the PBM mutations used in our biochemical analysis, and for simplicity, they will be referred to as crb ΔFBM and crb ΔPBM , respectively. These designer alleles allowed us to examine the respective contribution of Crb's FBM and PBM to Ex localization. Consistent with a role for Crb's FBM in concentrating Ex to apical membranes, Ex was mislocalized to basolateral domains in crb ΔFBM clones in the wing (Fig. 6 C-D" ). In contrast, crb ΔPBM clones in the wing showed a relatively normal apical localization of Ex (Fig. 6 E-F") . In the eye disk, however, crb ΔPBM clones did show a consistent mislocalization of Ex to basolateral domains, although this mislocalization was weaker than that observed in crb ΔFBM clones (Fig. S4) . The underlying reason for such tissue specificity is unclear and warrants further investigation. Taken together with our biochemical analysis, we conclude that Crb is required to concentrate Ex in the apical domain of epithelial cells, predominantly through direct binding between Crb's FBM and Ex's FERM domain. 
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GST-Crb-intra . V5-ExN associated with the beads was probed with α-V5 antibody. Note that GST-Crb intra and GST-Crb intraΔPBM bound to Ex, but GST and GST-Crb intraΔFBM did not. (I) Purified Crb and Ex bind to each other in vitro. Similar to H except that bacterially purified Myc-ExN was incubated with glutathione beads containing the respective GST fusion proteins, and Ex associated with the beads (pull-down) was probed with α-Myc antibody. Note that GST-Crb intra and GST-Crb intraΔPBM bound to Ex, but GST and GST-Crb intraΔFBM did not.
alleles allowed us to dissect the relative contribution of each motif in regulating Hippo signaling. For this purpose, we took advantage of the fact that although neither kibra nor crb single mutant clones exhibited visible up-regulation of ex transcription (Fig. 3 A-B" ), kibra crb mutant clones showed robust elevation of ex transcription (Fig. 3 C-C") . Given the modest effect of crb mutation on Hippo target genes (Fig. 2) , the kibra crb double mutant combination provided a more robust and reliable assay for crb function. Consistent with a critical role for the FBM in mediating Crb's input into the Hippo pathway, kibra crb ΔFBM clones showed increased ex transcription similar to that observed in kibra crb clones (Fig. 3 D-D") . In contrast, kibra crb ΔPBM clones did not show significant increase of ex transcription (Fig. 3 E-E"). These findings reinforce our biochemical and localization studies implicating Crb in Ex binding and subcellular localization. Consistent with a role for Crb's FBM in Hippo signaling, we found that adult wings composed predominantly of crb ΔFBM mutant cells were larger than normal (116% of normal; n = 20, t test: P = 0.01), whereas crb ΔPBM had no significant effect on wing size (104% of normal; n = 20, t test: P = 0.19). These observations further support our conclusion that the growthsuppressive function of Crb is mediated predominantly through FBM-Ex interactions.
Discussion
Compared with the core kinase cascade leading from Hpo to Yki phosphorylation, signaling events upstream of Hpo are less well understood. Several apical membrane-associated cytoplasmic proteins function as tumor suppressors that act synergistically to regulate the Hippo kinase cascade, suggesting that the apical membrane represents a "subcellular niche" for Hippo pathway regulation. Understanding how these apical tumor suppressor proteins are targeted to the apical membranes may shed light on the molecular regulation of the Hippo signaling pathway.
Although the transmembrane protein Ft has been proposed as a potential receptor for the Hippo pathway by controlling the stability/localization of Ex (8) (9) (10) , no direct physical interactions between Ft and Ex have been reported. Indeed, our own assays did not support a direct physical interaction between Ex and Ft, at least in S2R+ cells (Fig. S2) . Using cell fractionation, in vitro binding and in vivo subcellular localization, we demonstrate direct binding between Crb and Ex. The physiological significance of this interaction is further supported by tissue overgrowth and elevated Hippo target genes in crb ΔFBM clones. The specific biochemical and genetic link between Crb and Ex, but not between Crb and Mer or Crb and Kibra, is consistent with the view that these apical membrane-associated proteins may integrate distinct upstream signals. We also note that like kibra, ex, and mer, transcription of crb is increased in Hippo pathway mutant cells (25) . Thus, negative-feedback regulation of upstream regulators appears to be a general feature of this pathway and may provide an important mechanism to maintain a constant level of Hippo signaling activity in vivo.
How does Crb regulate Ex and Hippo pathway activity? Crb may function as a scaffold that is merely required to recruit Ex to apical membrane, making it available for activation by another receptor such as Ft. Alternatively, Crb may function as a receptor that directly modulates Hippo signaling via its interaction with Ex. Yet another possibility is that Crb may function as a coreceptor for Ft. Although we cannot distinguish between the first two models at present, we can largely eliminate the third possibility as we found that the polarized distribution of Dachs, the most immediate known response to Ft signaling (26) , is not abrogated by loss of Crb (Fig. S5) .
Overexpression of full-length Crb or its intracellular domain was reported to drive tissue overgrowth characterized by loss of apical-basal polarity, elevated Yki activity and decreased Ex protein levels (27, 28) . Although these observations are suggestive of an oncogenic role for Crb, our current study using loss-offunction analysis clearly uncovers a tumor suppressor function for Crb. This discrepancy may be due to distinct mutant-neighbor interactions encountered in the different studies. In the overexpression studies, Crb was expressed in whole compartments (27, 28) , whereas our study examined isolated clones-the latter situation, but not the former, allows interactions between cells with differential Crb activity. It is also possible that Crb overexpression causes a dominant-negative or neomorphic phenotype. It is worth noting that Crb3, a mammalian homolog of Crb, has been implicated as a tumor suppressor in mammals (29) . It will be interesting to examine whether Crb3 or other Crb homologs are required for Hippo signaling in mammals.
We note that Crb's FBM has been shown to mediate an inhibitory interaction wherein binding to the FERM-domain protein Yurt (a basolateral cytoskeleton protein) is required to restrict Crb to the apical domain (30) . Accordingly, loss of Yurt results in expansion of the apical domain (30) . The Crb-Ex interactions revealed in the current study is clearly distinct from the Crb-Yurt interaction as the former represents positive interactions. Besides the inhibitory Crb-Yurt interaction, Crb also positively regulates the Crb-Sdt-Patj complex via its PBM (14) (15) (16) . How Crb coordinately interacts with the growth-regulatory Hippo pathway and the apical-basal polarity pathway remains to be determined. It will be especially interesting to determine whether and how these pathways crosstalk with each other, given the neoplastic tumor growth resulting from mutations of the Dlg-LglScrib polarity complex (31) . It is interesting to note that Hippo signaling can be influenced by Crb, an apical-basal polarity determinant, as well as Ft, a planar cell polarity (PCP) regulator. The fact that apical-basal polarity and PCP represent two orthogonal directions in an epithelium raises the intriguing possibility that signals representative of multiple dimensions may converge onto the Hippo pathway to define the final size of a 3D organ.
Materials and Methods
Drosophila Genetics. EMS mutagenesis was conducted by crossing EMStreated w − ; FRT82B males with y w ey-flp, GMR-LacZ; FRT82B P[w + ], L(3)c1-R3/TM6B females. Mutant flies with overgrown head were selected under microscope and maintained as stocks. For specific genotypes used for clonal analysis, see SI Materials and Methods. was kindly provided by Georg Halder (Baylor College of Medicine, Houston).
Ex-HA, V5-Ex, V5-ExN(1-709), V5-ExC(710-1427), and HA-Mer have been described (5) . N-tagged HA-Wts was made by PCR using pAc5.1/V5-HisB vector. FLAG-Sdt and FLAG-Moesin sequence were amplified from cDNA clones RE05272 and SD10366, respectively, by PCR and inserted into pAc5.1/V5-HisB vector. The myristylation signal from Drosophila c-Src (amino acids 1-10) was inserted into the N terminus of V5-Ex to generate the Myr-V5-Ex. All constructs were verified by DNA sequencing. Drosophila S2R+ cell culture, transfection, subcellular fractionation, and Western blotting were carried out as described (5) .
GST Pull-Down Assay. The intracellular domain of Crb and two mutants (Crb IntraΔPBM and Crb IntraΔFBM ) were subcloned into pGEX-6p-1 and the GST fusion proteins were expressed in BL21-CodonPlus(DE3)-RIPL (Stratagene). Myc-ExN and Myc-Mer sequences were inserted into pGEX-6p-1 and used to express GST-Myc-ExN and GST-Myc-Mer fusion proteins. After purification by Glutathione Sepharose 4B, Myc-ExN and Myc-Mer were released from GST beads by Prescission protease cleavage. GST pull-down assay was carried out as described (32) .
